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SUMMARY
a-Naphthofiavone (ANF) has previously been shown to compete
with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) for binding to
the Ah receptor under conditions in vitro. However, ANF also
prevents TCDD-elicited cytochrome P450IA1 induction, immu-
nosuppression, and ulation of the estrogen receptor in
vivo and within intact isolated cells. These data suggest that
ANF is a TCDD antagonist. This study investigated the ability of
ANF to transform the Ah receptor contained in rat hepatic cytosol
or mouse hepatoma cells to a form that recognizes the dioxin-
responsive enhancer element (DRE) upstream of the cytochrome
P450IA1 gene. Gel retardation analysis indicated that TCDD- or
vone (BNF)-bound receptor was able to bind to the
DRE, whereas essentially no receptor-DRE complexes were
observed using cytosol incubated with ANF concentrations as
high as 1000 nm. Furthermore, an excess of ANF, when added
to cytosol just before TCDD, blocked, in a concentration-de-
pendent manner, the ability of TCDD to transform the receptor

to a form that bound to the DRE. These studies indicated that
ANF binds to the receptor and confers on it a conformation that
cannot recognize the DNA recognition sequence contained in
the DRE. Although an excess of the agonist 2,3,7,8-tetrachio-
rodibenzofuran (TCDF) readily reversed the inhibitory actions of
ANF, ANF was unable to reverse the effects of TCDD, TCDF, or
BNF on the receptor. These studies suggested that TCDD
binding, unlike that of ANF, resuits in a receptor conformation
that has higher affinity for the ligand. Treatment of mouse
hepatoma Hepa 1cic7 cells with TCDD or BNF resulted in
receptor contained in nuclear extracts that bound to the DRE.
Only a very minor ligand-dependent protein-DNA complex was
detected when cells were treated with ANF. These data indicated
that ANF acts as an antagonist of TCDD by directly binding to
the Ah receptor and eliciting a protein conformation that has very
low affinity for DNA.

The specific and high affinity binding of TCDD and a number
of related xenobiotics to a soluble intracellular protein, the Ah
receptor, is the first step in a series of incompletely defined
molecular events that lead to numerous biochemical, morpho-
logical, reproductive, and neoplastic effects in mammalian and
nonmammalian organisms (1, 2). Evidence for the involvement
of this protein in mediating these events comes from studies of
genetic (3) and structure-activity relationships (4). The mech-
anisms involve a ligand-dependent alteration of the Ah receptor
to a form that recognizes DNA in a sequence-specific manner
and modulation of the expression (decreased or increased) of
specific genes (5).

The most well studied gene modulated by TCDD is CYPIA1.
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The TCDD-Ah receptor complex binds to enhancer elements
(DREs) upstream of the structural gene for CYPIA1 and in-
duces its transcription (6-8). The core recognition sequence,
§1-aCeTe is present in four copies within the enhancer ele-
ment (9). We have previously determined that the Ah receptor
alone does not bind to this recognition sequence; the ligand-
bound Ah receptor must interact with an additional protein to
generate a heterodimer complex before recognition of the en-
hancer elements (10, 11). We have termed this second protein
the Art protein. The exact molecular processes by which these
events occur remain to be determined.

The polycyclic aromatic hydrocarbon BNF (Fig. 1) binds to
the Ah receptor and can elicit the same pleiotropic responses
in animals as observed with TCDD (12, 13). However, ANF
(Fig. 1), an isomer of BNF, antagonizes the ability of TCDD to
induce CYPIA1-associated enzyme activities (14, 15), immu-

ABBREVIATIONS: TCDD, 2,3,7,8-tetrachiorodibenzo-p-dioxin; ANF, a-naphthoflavone; BNF, g-naphthoflavone; TCDF, 2,3,7,8-tetrachiorodibenzo-
furan; Art protein, Ah receptor-transforming protein; CYPIA1, cytochrome P4501A1; DRE, dioxin-responsive element; HSP 90, 90-kDa heat shock
protein; DMSO, dimethyl sulfoxide; Ah, aryl hydrocarbon; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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Fig. 1. Chemical structures of ANF and BNF. Rectangles, proposed 6.8-
x 13.7-A ligand binding site on the Ah receptor (40).

nosuppression (14), and down-regulation of the estrogen recep-
tor (16). Earlier studies also noted that ANF inhibited the
metabolism of selected carcinogens and their ability to inhibit
proliferation of hamster ovary cells in culture (17). Because
ANF also binds to the Ah receptor at the same site as TCDD
and BNF (14), it is not clear whether this antagonism results
from the formation of a ligand-receptor complex that does not
bind to DNA, whether binding to nonspecific DNA is enhanced
without the ability to recognize specific DNA sequences, or
whether the complex binds to the DRE but in a manner that
fails to regulate gene transcription. This study examined
whether the ANF-Ah receptor complex binds to the DRE
located upstream of the CYPIAI gene.

Materials and Methods

Chemicals. [1,6-°H]TCDD (36 Ci/mmol) was obtained from
ChemSyn (Lenexa, KS). Unlabeled TCDD was from Cambridge Isotope
Laboratories (Woburn, MA). TCDF was obtained from the National
Institute of Environmental Health Sciences (Research Triangle Park,
NC). Unlabeled ANF and BNF were obtained from Sigma Chemical
Co. (St. Louis, MO). [a-**P]dATP (3000 Ci/mmol) was from Amersham
Corp. (Arlington Heights, IL). Poly[d(I-C)] was purchased from Boeh-
ringer Mannheim (Indianapolis, IN). All other chemicals were as
previously described (11).

Animals, tissue preparations, and incubations. Male Sprague-
Dawley rats (175-200 g), from Charles River (Wilmington, MA), were
housed under laboratory conditions for at least 3 days before use, with
a 12-hr light cycle and free access to food and water. Hepatic cytosols
(15-20 mg of protein/ml) were prepared in HEDG buffer [25 mM
HEPES, pH 7.6 (20°), 1.5 mM EDTA, 1 mM dithiothreitol, 10% (v/v)
glycerol], as described previously (18), and frozen at —80° until use.
Procedures for cytosol incubations with [*H]TCDD, with or without
an excess of competing ligand, were as described previously (14, 18).
Specific binding of [*H]TCDD was assessed using the hydroxylapatite
assay (19).

Assessment of DNA binding. The complementary oligodeoxyri-
bonucleotides 5'-GATCCGGCTCTTCTCACGCAACTCCGAGCTCA-
3’ and 5'-GATCTGAGCTCGGAGTTGCGTGAGAAGAGCCG’-3’
were synthesized and 3?P-labeled at the 5’ ends, as described (8, 11).
These sequences, when annealed, contain a single core recognition
sequence (underlined) for the DNA-binding form of the Ah receptor
(8). Cytosolic protein (90 ug) was mixed with 200 ng of poly[d(I-C)]
and approximately 3-5 X 10* cpm of the DNA probe (specific activity,
10® cpm/ug of DNA), for 20 min at 20°, and was analyzed by nonde-
naturing gel electrophoresis, as described previously (8). For the analy-
sis of nuclear extracts, 5 ug of protein and 1.2 ug of poly[d(I-C)] were
used. The Ah receptor-?P-DRE complexes were quantified by isolating
the TCDD-dependent bands, measuring the amount of **P contained

in these bands by liquid scintillation counting, and subtracting the
amount of radioactivity in lanes with samples containing no TCDD.

Cell culture and preparation of nuclear extracts. Mouse hep-
atoma cells (Hepa 1c1c7) were obtained from Dr. James P. Whitlock,
Jr. (Stanford University), and cultured at 37°, in 100- X 20-mm dishes,
with Eagle’s modified minimal essential medium (Sigma) containing
10% fetal bovine serum (GIBCO, Grand Island, NY) and 20 ug genta-
mycin/ml. Confluent plates were layered with 2.5 ml of serum-free
medium and treated with TCDD, BNF, or ANF contained in DMSO.
The final DMSO concentration was 4 ul/ml of medium, and 10-20
plates were used for each compound. The cells were incubated at 37°
for 1 hr, medium was removed, plates were scraped, and cells were
collected at 4° in Hanks’ balanced salt solution. The cell pellets (1100
rpm, 7 min, 4°) were resuspended in 2 volumes of HEDG buffer and
homogenized with a Teflon pestle. Nuclei were prepared as described
previously (20), resuspended in 4 ml of HEDG buffer containing 0.55
M KCl, and allowed to incubate at 4° for 1 hr, to extract nuclear protein.
After centrifugation at 105,000 X g for 1 hr, the protein and final salt
concentrations (0.46-0.49 M) of the extracts were determined as pre-
viously described (18, 20).

Results

Binding of TCDD-, BNF-, and ANF-bound receptor to
the DRE. As previously determined (11), gel retardation analy-
sis of cytosol incubated with or without 2 nM TCDD indicated
the presence of a single TCDD-dependent protein-DRE com-
plex (Fig. 2, compare lanes 1 and 2). A protein-DRE complex
having the same mobility was also observed using BNF concen-
trations of 1-1000 nM (Fig. 2, lanes 4-7). In contrast, essentially
no receptor-DRE complexes were observed using ANF concen-
trations as high as 1000 nM (Fig. 2, lanes 8-12). (A minor and
diffuse ANF-dependent band was observed at ANF concentra-
tions of >100 nM. However, this band had a slightly slower
mobility than the TCDD- and BNF-dependent band.)

We previously determined that both BNF and ANF inhibited
TCDD binding to the Ah receptor contained in rat hepatic
cytosol, in a competitive manner; the relative affinities of the
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Fig. 2. Gel retardation analysis of cytosol incubated with TCDD, BNF, or
ANF. Cytosols were treated with ligands for 2 hr at 20° before the
addition of poly[d(I-C)] and **P-labeled DRE, as follows: /anes 1 and 2,
absence or presence, respectively, of 2 nm TCDD; /anes 3-7, presence
of 0.1, 1.0, 10, 100, or 1000 nm BNF; /anes 8-12, presence of 0.1, 1.0,
10, 100, or 1000 nm ANF. Arrow, position of the agonist (TCDD, BNF)-
dependent band; F, free ?P-labeled DRE.
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receptor for these ligands were approximately 50- and 500-fold
less, respectively, than for TCDD (14). ANF, when added to
cytosol just before TCDD, blocked, in a concentration-depend-
ent manner, the ability of TCDD to transform the receptor to
a form that bound to the DRE (Fig. 3A). Using a TCDD
concentration of 2 nM, nearly complete blockage was observed
at 1000 nM ANF when the coincubation was carried out at 20°
for 2 hr. There was also good agreement between loss of TCDD-
dependent DRE binding, when quantitated, and loss of [*H]
TCDD specific binding, as determined by the hydroxylapatite
assay (Fig. 3B). Together, these studies indicated that ANF

binds to the Ah receptor and confers on it a conformation that
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Fig. 3. A, Gel retardation analysis of cytosol coincubated with TCDD and
various concentrations of ANF. Cytosols were treated for 2 hr at 20°, in

labeled DRE. Lanes 9-174, cytosol incubated with 1.0, 10, 100, 500,
1000, or 2000 nm ANF. B, Quantitation of loss of Ah receptor-DRE
mn.d\ownhA,and[‘H]TCDDspeciﬁcM\g(A) as determined
by the hydroxylapatite assay. Results are presented as percentage of
control cytosol, which was incubated with [*H]JTCDD in the absence of
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cannot recognize the DNA recognition sequence contained in
the DRE.

Reversibility of ANF and TCDD actions on the Ah
receptor. We determined whether the TCDD-elicited trans-
formation of the Ah receptor was reversible by ANF. Cytosol
was incubated with 1 nM TCDD for 2 hr at 20°, which has been
found to give maximal transformation of the Ah receptor to a
DRE-binding state (21). After this incubation, ANF (1000 nM)
was added and DRE binding was determined at various times
up to 4 hr. Under these conditions, ANF was unable to reverse
the effects of TCDD on the receptor (Fig. 4A). Essentially the
same study was performed using BNF as the agonist. Similarly,
ANF (1000 nM) was unable to reverse the effects of 10 nM BNF
on the receptor (data not shown). Thus, the irreversible nature
of the transformed agonist-receptor complex was not dependent
on the relative affinity of the particular ligand used as the
agonist.

In a similar manner, we sought to determine whether the
antagonistic actions of ANF on the receptor were reversible by
agonist. Because a high concentration of ANF (1000 nM) was
used to ensure complete saturation of the receptor, and the
aqueous solubility of TCDD is limited, we chose to use the
agonist TCDF to reverse the effect of ANF. TCDF has nearly
the same affinity as TCDD for the receptor contained in rat
hepatic cytosol (22), and TCDF-elicited transformation of the
receptor was not reversible by ANF (Fig. 4A, lanes 8 and 9).
Within 4 hr, 500 nM TCDF nearly completely reversed the
inhibitory action of ANF (Fig. 4B). We interpret these studies
to indicate that binding of the agonists TCDD, TCDF, or BNF
to the receptor results in the transformation of this protein to
a ligand-bound complex that is not readily reversible under
conditions in vitro; such a transformation does not occur after
ANF binding.

Ability of ANF to form a DNA-binding receptor com-
plex in Hepa 1c1c7 cells. The experiments described above
were performed under in vitro conditions using only cytosolic
protein. We tested whether ANF has the ability to transform
the Ah receptor complex contained in intact cells to a form
that localizes to the nucleus. Hepa 1c1c7 cells have been shown
to increase transcription of the CYPIAI gene in response to
TCDD (23) and possess the same transcriptional promoter as
that found for this gene in C57BL/6 mice (24). As previously
shown (9), treatment of these cells with 2 nM TCDD resulted
in the presence, in nuclear extracts, of receptor that binds to
the 3?P-labeled DRE (Fig. 5, compare lanes 1 and 2). This
protein-DNA complex has the same mobility as that found in
rat hepatic cytosol incubated with TCDD (Fig. 2). Treatment
of cells with BNF yielded the same result (Fig. 5, lane 4).
However, only a very faint ligand-dependent band was observed
when cells were incubated with an ANF concentration of 1000
nM (Fig. 5, lane 3). These results, demonstrating that within
intact hepatoma cells ANF binds to the Ah receptor and forms
a complex with only very weak DRE-binding ability, are con-
sistent with the studies using receptor contained in crude
cytosol and those previous investigations showing antagonism
of TCDD-elicited effects in vivo (14, 15) and in isolated cells
(16).

Discussion

These data, combined with results previously presented (14,
15), indicate that ANF acts as an antagonist of TCDD by
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Fig. 4. Gel retardation analysis to determine the relative reversibility of
ANF- and TCDD-Ah receptor complexes. A, Reversibility of TCDD- and
TCDF-elicited Ah receptor transformation by ANF. Lanes 7 and 2, cytosol
incubated with TCDD (1 nm) for 2 hr at 20° and then for an additional 4
hr at either 20° or 0°, respectively. Lanes 3-7, cytosol incubated with
TCDD for 2 hr at 20° and then for various times (0.16, 0.5, 1, 2, or 4 hr)
in the presence of 1000 nm ANF. Lane 8, cytosol incubated with TCDF
(10 nm) for 6 hr at 20°. Lane 9, cytosol incubated with TCDF for 2 hr at
20° and then for an additional 4 hr in the presence of 1000 nm ANF. B,
Reversibility by TCDF of ANF-elicited inhibition of transto:mation. Lane
1, cytosol incubated with ANF (1000 nm) for 2 hr at 20°. Lanes 2-8,
cytosolnncubatedwmANFforzhrat20°andthenforvanoushmes
(0.16,0.33, 0.5, 0.75, 1.0, 2.0, or 4 hr) in the presence of 500 nm TCDF.
Lane 9, cytosol incubated for 6 hr in the presence of TCDF only. All of
the aforementioned steps were performed before the addition of poty[d(I-
C)] and *P-labeled DRE.
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Fig. 5. Gel retardation analysis of nuclear extracts prepared from Hepa
1c¢1c7 cells treated with TCDD, ANF, or BNF. Cells were incubated with
vehicle (DMSO, 4 ul/mi) (D) (/ane 1), 2 nm TCDD (7) (lane 2), 1000 nm
ANF (A) (lane 3), or 1000 nm BNF (B) (/ane 4) for 1 hr at 37° before
harvesting and preparation of nuclear extracts and the determination of
DRE binding. Arrow, TCDD/BNF-dependent protein-DNA complex.

directly binding to the Ah receptor and eliciting a conformation
that has only a very low affinity for DNA. To our knowledge,
this is the first time that a ligand that binds to the Ah receptor
has been found not to transform the receptor to a form that
demonstrates high affinity and specific DNA binding. Thus,
these data, and the fact that this ligand, ANF, also antagonizes
TCDD-like activity in vivo, corroborate the relationship be-
tween Ah receptor presence and its function, in this case to act
as a trans-acting element to enhance the transcription of the
CYPIAI gene.

Based on our data and those of others, we have previously
proposed a model for the transformation of the Ah receptor to
a form that binds DNA (25). The unoccupied receptor exists as
an oligomeric complex (~300 kDa) composed of the monomeric
Ah receptor protein (~100 kDa), a dimer of HSP 90, and
possibly an as yet uncharacterized protein of ~50 kDa (26-28).
Agonist (i.e., TCDD) binding to the receptor results in disso-
ciation of the oligomeric complex and the exposure of a domain
on the ligand-binding receptor that then is able to interact
specifically with another protein, the Art protein. The forma-
tion of the heterodimer results in a structural conformation
that has both high affinity and specificity for the DRE (11).
Previous studies have also suggested that transformation of the
Ah receptor to the heterodimer form that binds to the DRE
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entails stabilization of the ligand-receptor complex (29-31).
Our present finding that, once transformed, the TCDD-,
TCDF-, or BNF-receptor complex is not readily reversible,
even in the presence of a large excess of competing ANF, is
consistent with this.

The question then remains as to how ANF prevents trans-
formation to a form that binds DNA. Although our present
results do not address this directly, the data are consistent with
a hypothesis that ANF binding to the Ah receptor results in a
conformation of the receptor that cannot interact with the Art
protein, i.e., the formation of the transcriptionally active het-
erodimer complex is prevented. ANF-induced inhibition of the
DRE-binding complex is readily reversible by the agonist
TCDF, whereas TCDD-, TCDF-, and BNF-elicited transfor-
mations are not reversible by ANF. This suggests that hetero-
dimer formation and stabilization of ligand binding do not
occur when the receptor is bound with ANF. We have previ-
ously determined that, 1) under conditions where transforma-
tion of the TCDD-receptor complex to the heteromeric form is
inhibited, the relative percentage of the specific binding exist-
ing as the ligand-bound monomeric Ah receptor is very high
(>40%) (32) and 2) TCDD binding is also not readily reversible
from the partially purified monomeric Ah receptor form.' To-
gether, these data suggest that a step before heterodimer for-
mation is responsible for ligand-binding stabilization and, fur-
ther, imply that ANF acts by binding to the Ah receptor but
not promoting Ah receptor-HSP 90 dissociation. Such a mech-
anism has been indicated for the antisteroidal action of the
antiglucocorticoid RU38486 and the antiprogestin RU486. Both
have been shown to stabilize the interaction of their respective
steroid hormone receptor with HSP 90, thus preventing specific
responsive element binding (33, 34). Work is presently under-
way in our laboratory to examine this possibility with the ANF-
Ah receptor complex.

The formation of a ligand-Ah receptor complex that does not
undergo further transformation to a DNA-binding form may
be only one of the mechanisms whereby compounds act as
TCDD antagonists. To date, a number of structurally related
chemicals have been reported to antagonize some of the biolog-
ical and toxicological effects of TCDD. These include
2,2’,4,4',56,5'-hexachlorobiphenyl (35), 1-amino-3,7,8-trichlo-
rodibenzo-p-dioxin (36, 37), and 6-methyl-1,3,8-trichlorodiben-
zofuran (38). It is of particular interest that the '*I-analog of
the latter compound has been shown to bind to the Ah receptor
contained in rat hepatoma cells, to form a complex that local-
izes to the nuclear fraction and binds to the DRE but apparently
fails to activate CYPIAI gene transcription (38).

Examination of the constraints for ligand binding, especially
as they relate to the differences between the molecular struc-
tures of ANF and BNF, may prove extremely useful in deter-
mining the exact mechanism whereby ANF binding inhibits
receptor transformation. The agonist BNF, a planar molecule
(39), fits the structural requirements for the binding of a variety
of compounds to the Ah receptor (40) (see also Fig. 1). The
binding of molecules that have a good fit to the 6.8- x 13.7-A
envelope that has been proposed to describe the ligand binding
site results in dissociation of HSP 90 and formation of the
transcriptionally active heterodimer complex, by mechanisms
that are not precisely defined. However, ANF is more stable in

!E. C. Henry and T. A. Gasiewicz, unpublished observations.
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a nonplanar and angular configuration (39) and offers a poor
fit to this site (40) (Fig. 1). In this case, the filling of only a
half-site by ANF may result in the trapping of the receptor in
a configuration that is not able to undergo the conformational
and/or biochemical changes that are necessary for further
transformation. Regardless of the final mechanisms involved,
it is clear from these studies that ANF will serve as an extremely
useful tool not only to examine the functional relationships
between receptor action and altered gene expression but also
to dissect the ligand and protein interactions and structural
requirements necessary for the steps involved in Ah receptor
transformation.
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